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Motivated by recent experiments probing shape, size and dynamics of bacterial chromosomes in
growing cells, we consider a polymer model consisting of a circular backbone to which side-loops are
attached, confined to a cylindrical cell. Such a model chromosome spontaneously adopts a helical
shape, which is further compacted by molecular crowders to occupy a nucleoid-like subvolume of the
cell. With increasing cell length, the longitudinal size of the chromosome increases in a non-linear
fashion to finally saturate, its morphology gradually opening up while displaying a changing number
of helical turns. For shorter cells, the chromosome extension varies non-monotonically with cell
size, which we show is associated with a radial- to longitudinal spatial re-ordering of the crowders.
Confinement and crowders constrain chain dynamics leading to anomalous diffusion. While the
scaling exponent for the mean squared displacement of center of mass grows and saturates with cell
length, that of individual loci displays broad distribution with a sharp maximum.
PACS numbers: 05.40.-a, 05.40.Jc, 05.70.-a
I. INTRODUCTION
The bacterial chromosome of E. coli consists of a
1.6 mm long negatively supercoiled circular 4.6 Mbp
DNA-strand [1]. Unlike eukaryotes, bacteria do not have
a separate membrane-bound nucleus, so their chromo-
some is suspended in the cytoplasm and only confined by
the cell envelope. A wild type E. coli cell has a roughly
cylindrical shape, with diameter 0.8µm and length vary-
ing between 2 - 4µm.
Within the cell volume the nucleoid is observed to oc-
cupy a subvolume of dimensions approximately 0.5µm by
1.6µm. This implies that the chromosome is compacted
roughly three orders of magnitude in volume, compared
to its freely expanded state [2]. A number of effects have
been discussed as contributing to this compaction: the
physical confinement to the cellular volume, DNA super-
coiling, and depletion effects caused by the molecularly
crowded cytosol. Moreover, contour-wise distant parts
of the DNA are brought into spatial proximity leading
to loop structures [3–5]. A number of proteins bind and
stabilize these loops into separate topological domains
[6–8]. Direct morphological evidence for loop structures
were first observed in electron microscopy (EM) experi-
ments [9–11]. Later EM studies on lysed E. coli bacteria
showed a bell-shaped distribution of loop sizes with a
maximum close to 10-12 kbp [12]. These results are com-
plemented by contact maps, showing spatial contacts of
different genes along the DNA contour [13, 14].
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In remarkable recent experiments, live cell imaging
revealed that nucleoids in rod shaped bacteria like E.
coli [2] and B. subtilis [15] exhibit a ubiquitous helical
shape with pitch-length a fraction of the cell length. Fur-
ther, inhibiting cell wall formation locally rounded up
the cell, modifying chromosome helicity [2], showing im-
pact of cellular confinement on chromosomal morphol-
ogy. Live cell imaging also showed anomalous diffusion
for chromosome loci in E. coli and C. cresentus [16–19].
In this paper we explore to what extent such emergent
properties may have purely physical origin using com-
puter simulations on a model bacterial chromosome. The
bacterial cytosol is a high density poly-dispersed mate-
rial, which is known to be fluidised by metabolic activ-
ity [20]. The strong cellular confinement introduces hy-
drodynamic screening, reducing the impact of hydrody-
namic coupling in the dynamics. We therefore model the
cellular environment as a free flowing fluid represented
by a Langevin heat bath. Although, local structure of
a chromosome is expected to involve distribution of loop
sizes and topological entanglement, we consider arguably
the simplest model of a ring polymer to which closed
side loops of equal size are attached with a uniform spac-
ing [21–23]. The effect of these side-loops can be captured
through an excess Gaussian core repulsion between the
backbone beads [22]. Such a polymer spontaneously or-
ganizes into a helicoid morphology when confined to a
cylindrical cell-like volume.
As was suggested previously, crowding effects due to
cytosolic protein(complexes) could further compact the
chromosome to a sub-volume of the cell [24, 25]. Sim-
ulations involving a model plectonemically folded chro-
mosome indeed showed expulsion of crowders represent-
ing transcribing ribosomes and mRNA to the cell poles
[26], recapturing nucleoid morphologies observed in live
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E. coli cells [27, 28]. We include them in the form of
non-additive crowders within our model.
We first study how the size of the chromosome re-
sponds to changes in cell length. In longer cells, chromo-
some extension increases monotonically with cell length
in a non-linear fashion, finally saturating at an extension
that remains significantly smaller than the full extension
possible in absence of crowders. The change in slope of
the chromosome extension with the length of a growing
cell is governed by the crowder density. This behaviour
is well captured by a simple model based on scaling argu-
ments. However, for the strongly confined chromosomes
at smaller cell sizes, the extension exhibits a remarkable
non-monotonic variation associated with radial to longi-
tudinal re-organization of crowders. We present a mean
field approach to explain this behavior. The compres-
sion due to crowders not only determines the chromo-
some size, but, as we show, it also maintains the helicoid
shape of the chromosome even in very long cells, with
lengths that exceed the full extension of the chromosome
by multiple times. With increasing cell length, the num-
ber of helical turns of the chromosome reduces to finally
saturate, where the saturation value is determined by the
crowder density. Finally, turning to dynamical effects, we
observe that monomers show anomalous diffusion with a
narrow distribution of exponents having values similar to
that in live cells [16]. The chromosome center of mass also
shows anomalous diffusion but with an exponent that in-
creases with the cell length, but saturates in a manner
observed in recent experiments on live E. coli cells [29].
II. MODEL
Our model coarse-grained chromosome consists of a
circular backbone chain of nm beads of diameter σ,
which sets the bond length, and hence of total length
`m = nmσ. To each backbone bead we connect a
closed side-loop of of ns beads, and hence length `s =
nsσ. The total length of the chromosome is thus
` = `m + nm `s. The bonded-beads interact via a
finitely extensible non-linear elastic (FENE) [30] poten-
tial βVb = − 12KR2 ln
[
1− (di−σR )2], where β = 1/kBT
is the canonical inverse temperature, di = ri+1 − ri
is the bond vector, with bond length di = |di|. The
parameters K = 30, and R = 1.5σ determine bond
fluctuations. The self-avoidance between non-bonded
beads is modelled via a short-ranged repulsive Weeks-
Chandler-Andersen (WCA) potential [31], βV (rij) =
4[(σ/rij)
12 − (σ/rij)6] + 1/4 when inter-monomer sepa-
ration rij < 2
1/6σ, βV (rij) = 0 otherwise. The WCA
and FENE potential together set the bond length to
b = 1.09σ.
Previous all-atom simulations of the above model have
been used to extract the effective repulsion between side-
loops. It was shown to be well represented by a soft
Gaussian core potential βVgc(r) = a exp[−r2/2Σ2], with
(a)
(b)
FIG. 1: (Color online) Local density plots of the model chro-
mosome backbone in the presence or absence of crowders in a
cell of L = 9D (a) and L = 21D (b). The density of crowders
(top of each pair) is ρD3 = 0, 212. The local crowder density
is shown by the bluish gray shade. The white area within the
polymer, and that between the polymer and crowders denotes
the volume excluded by side-loops. Note that in the L = 9D
cell with ρD3 = 0 the chromosome expands to touch both the
cell caps.
Σ2 ≈ 2R2g, where the radius of gyration of each loop
Rg = cn
3/5
s σ with c = 0.323 [22, 32, 33]. The values of a
and Σ depends on the side loop size, and discussed later
in this section.
Confinement is imposed by implementing a repulsive
interaction between all beads and the surfaces repre-
senting the cell volume. The latter we model as a
straight cylinder of length L and diameter D. The spe-
cific form of the wall-repulsion was chosen as βVwall =
2pi[(2/5)(σ/riw)
10 − (σ/riw)4 + 3/5] when the distance
of the i-th monomer from a wall riw < σ and βVwall = 0
otherwise. In addition, a Gaussian core repulsion with
the walls βVgc(riw) with Σ = Rg and strength a/2 is
considered to model repulsion from the wall due to side-
loops.
To model the depletion effects due to the molecularly
crowded cytosolic environment, we introduce so-called
non-additive crowder particles, which do not interact
among themselves but repel chromosomal beads via a
combination of the WCA potential βV (rij) and Gaus-
sian core βVgc(rij) where i denotes a crowder and j a
polymer bead [34]. Their repulsion from the walls is also
taken as a combination of βVwall and βVgc(riw), i.e., the
same as that between beads and walls. We assume that
a growing cell will maintain a constant density of deple-
tants ρ, so that the number of crowders as a function of
the cell length is given byNd = ρ
pi
4D
2L. As translation of
proteins occurs primarily near the chromosome in the cy-
tosol [35], we introduce new crowders when needed using
spatially uniform insertion attempts around the model
chromosome with acceptance based on the Widom crite-
rion, i.e., proportional to the change in Boltzmann weight
caused by the proposed insertion [36, 37].
Throughout, we adopt a fixed cell diameter of D =
26.67σ, while the cell length varies between 3–30D. To
model a Mbp long bacterial chromosome consisting of
10 kbp long side loops, we use a backbone of nm = 636
beads, incorporating side-loops of ns = 62 beads. Each
2
side loop has a radius of gyration Rg = cn
3/5
s σ = 0.14D,
which is much smaller than the diameter of the cell
D. While it is well known that effective repulsion be-
tween polymers in free space is independent of the poly-
mer size [38–40], in cylindrical confinement the blob pic-
ture [41] suggests that the repulsion strength is expected
to be proportional to the polymer length, provided the
polymer under consideration is long and breaks into mul-
tiple blobs in the given confinement [42]. As the side-
loops we consider have Rg  D, the repulsion between
them behaves like that in bulk. Some of the side loops
may get into a chain-like plectoneme conformation, lo-
cally maintained by supercoiling. The effective repul-
sion strength between long open chains is known to be
a = 2 [32], while that between loops is a weak function
of loop size and detailed topology, and remains within
the range 2 < a < 6 in bulk [33]. To incorporate possi-
bilities of both loop and plectoneme morphology of side-
loops, in all our simulations we fix the value of inter-
loop repulsion a to an intermediate value, a = 3, and
Σ =
√
2Rg = 0.2D.
We simulate this system employing a velocity-Verlet
molecular dynamics (MD) scheme in the presence of a
Langevin thermostat fixing the temperature at kBT = 1,
as implemented by the ESPResSo package [43]. Diffu-
sion of a single particle over the cell diameter σ takes
τ = σ2(α/kBT ), where α = 3piησ is the viscous dissipa-
tion due to the cytosol of viscosity η. The time scale
is set by τ . Integration is performed over time step
δt = 0.01τ . In discussing simulation results we present
all length scales in units of D and time scales in units of
τ . All results are presented analyzing 103 configurations
after equilibration. These are separated by 104 time steps
to avoid possible bias due to temporal correlations.
III. CHROMOSOME SIZE AND MORPHOLOGY
For smaller cell lengths we observe, both in the pres-
ence or absence of crowders, the spontaneous emergence
of helicity in the backbone of the polymer. The crowders
are expelled from the polymer and intercalate symmetri-
cally between the bulk of the polymer and the end walls
of the cylinder. In the absence of crowders the backbone
can expand to such a degree that it touches the end walls.
These effects are illustrated in Fig. 1(a), which depicts
the density of the polymer backbone and crowders in-
side a cylindrical cell of length L = 9D. In longer cells
the differences are more marked. Without crowders the
chromosome can basically fully expand and “unwind”,
while in the presence of crowders the chromosome re-
mains compacted due to the depletion forces and retains
its helicity. This is illustrated in Fig. 1(b), which depicts
the chromosome in a cell of length L = 21D.
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FIG. 2: (Color online) Longitudinal extension R‖ of chro-
mosome as a function of L, (a) in absence of crowders, (b) in
presence of crowders. Symbols 4, 2, © denote data at crow-
der densities ρD3 = 0, 212, 1060 respectively. In (b), the
solid lines show fit of data to Eq.(3) with a = 4.9×10−5D−2,
and b = 1.22 × 104D for ρD3 = 212, b = 2.33 × 104D for
ρD3 = 1060. All length scales are expressed in units of D.
A. Size
Chromosome size shows a non-linear dependence on
the degree of confinement, the detailed nature of which
gets modified with increasing density of crowders.
1. In absence of crowders
The chain size R‖, defined as the longest extension of
the polymer backbone along the cylinder axis, increases
linearly up to the cell length L = Rmax‖ , beyond which
it ceases to grow further (Fig. 2(a)). As we show later
in Sec. III A 3, the maximal extension of chromosome fol-
lows the de Gennes’ scaling of a self avoiding chain in an
infinite cylinder Rmax‖ ∼ ND−2/3. For further quantifi-
cation of chromosome size in terms of radii of gyration,
see Appendix-A
2. In presence of crowders
In presence of crowders, the variation of chromosome
size is qualitatively different from the case without, dis-
cussed above. For small cell lengths, we observe a non-
monotonic variation of R‖ with L (Fig.2(b)). This per-
sists at all crowder densities ρ, but the point of non-
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FIG. 3: (Color online) Transverse size of chromosome R⊥
decreases as a function of cell length L. Symbols 4, 2, ©
denote data at crowder densities ρD3 = 0, 212, 1060 respec-
tively. All length scales are expressed in units of D.
monotonic jump gets suppressed towards smaller L val-
ues with increase in ρ. We return to this point with a
detailed explanation in Sec.III B.
In longer cells, the chromosome length increases grad-
ually with cell length, deviating from linearity al-
most immediately and smoothly reaching a saturation
value (Fig.2(b)). Moreover, the maximum extension of
chromosome remains significantly smaller than that in
absence of crowders, its value strongly controlled by the
crowder density. These features can be understood semi-
quantitatively using the mean field argument we present
below. Fig.2(b) shows a nice fit of simulation data with
the mean field prediction. Moreover, the behavior ob-
served in Fig.2(b) captures qualitatively the variation of
extension of E. coli chromosome in growing cells [29]. Fi-
nally, we note that associated with the increase in R‖ as
the cell length L grows, the radial size R⊥ - measured in
terms of corresponding component of radius of gyration
tensor - decreases to finally saturate (Fig.3), a behavior
typical of non-auxetic materials.
3. Mean field estimate
The free energy of a self avoiding chain in a cylinder
may be written down in terms of the de Gennes’ blob
picture. Assume that the polymer confined in a cylinder
of diameter D, consists of N/g blobs where each blob
contains g monomers out of N available in the chain.
Expressing the size of the polymer along the long axis of
the cylinder R‖, the free energy of the chain is expressed
as
βFc = A1
R2‖
(N/g)D2
+B1
D(N/g)2
R‖
.
The three-dimensional Flory scaling is maintained within
a blob, g ∼ D5/3. Using this in the above expression,
βFc = A
R2‖
ND1/3
+B
N2
D7/3R‖
. (1)
We use this free energy to describe the effective chromo-
somal backbone. Assuming that the crowders are segre-
gated longitudinally from the chromosome, the volume
occupied by the crowders is Vd = CdD
2(L − R‖), while
the rest of the volume is occupied by the chromosome.
The geometrical prefactor Cd = 1 for rectangular paral-
lelepiped, and Cd = pi/4 for cylinders. The free energy
of the non-additive crowders is
βFd = Nd
[
ln
Ndσ
3
Vd
− 1
]
. (2)
Minimizing the total free energy Ft = Fc + Fd one
obtains a quartic equation in R‖,
∂βFt
∂R‖
=
2AR‖
ND1/3
− BN
2
D7/3R2‖
+
Nd
Cd(L−R‖) = 0. (3)
For cells with constant density of crowders, one re-
places Nd = CdρD
2L in the above equation. In the
limit of large N, Nd  1, neglecting a = 2A/ND1/3
one gets a quadratic equation NdR
2
‖+bR‖−bL = 0, with
b = CdBN
2/D7/3 that has a dimension of length. This
equation has a closed form solution
R‖ ≈
[√
b2 + 4bLNd − b
]
/2Nd. (4)
As is evident from the fits in Fig.2(b), the limit a → 0
holds well for the two data sets, and Eq.(4) describes
these results.
In the limit of both long L or large Nd, this relation
simplifies further to R‖ ≈ 2
√
bL/Nd. For constant den-
sity of crowders, Nd = ρpiD
2L/4, one obtains the maxi-
mum possible extension in long cells reducing with crow-
der density as R‖ ∼ ρ−1/2, indicating how the size of a
nucleoid-like sub-volume is maintained by the crowders.
On the other hand, if one considers a situation where the
cell length remains unchanged, with increasing Nd one
crosses from a regime Nd  b/4L in which R‖ ∼ N−1d to
Nd  b/4L where R‖ ∼ N−1/2d . This situation is consid-
ered in detail in Sec.III B 2. A third possibility is to keep
Nd fixed in a growing cell such that the overall crow-
der density keeps decaying. In this case Eq.4 suggests
a growth in nucleoid size as R‖ ∼ L1/2 that will finally
saturate to the value of maximal extension of chain in
absence of crowders (see Appendix-B).
In Eq.(3), the term Nd/(L−R‖) denotes a linear den-
sity of crowders. In the limit of vanishingly small density,
the first two terms in Eq.(3) leads to the relation
(CdaR
3
‖ − b)(L−R‖) = 0,
which, gives R‖ = (b/Cda)1/3 ∼ ND−2/3 the de-Gennes’
scaling form for long cylinders, L > R‖, and R‖ = L
otherwise.
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FIG. 4: (Color online) (a) Magnified representation of the
non-monotonic variation of R‖ with L at ρD
3 = 212. (b) Local
density profile of chromosome and crowders at L = 4.5, 6.
(c) Density profile of chromosome along the longitudinal di-
rection ρ(z) for cell lengths L = 4.5, 6 denoted by the blue
solid line, and the magenta dashed line, respectively. The
graph at L = 6 is shifted upwards by an additive factor 0.015
for better visibility. All length scales are expressed in units
of D.
B. Spatial reconfiguration
In this section we discuss how the non-monotonic vari-
ation of R‖ with L can be understood in terms of a spatial
reordering between the chromosome and crowders, in a
growing cell with constant crowder density. Further, we
show how the same effect impacts the chromosome ex-
tension in a given confinement with increasing number of
crowders.
1. With increasing length
The variation of the longitudinal size of the chromo-
some with increasing cell length, at a constant density
of crowders, e.g., ρD3 = 212, shows a striking non-
monotonicity at small cell lengths, e.g., between L = 3D
to 6D (Fig. 2(b) and Fig. 4). Such discontinuous and
non-monotonic size changes are associated with a re-
ordering of the spatial distribution of crowders relative to
the chromosome. This is directly observable from local
density plots of chromosome and crowders in Fig.s 4(b)
and (c) using 103 equilibrium configurations. The appar-
ent overlap of crowder and monomer density in the top
panel of (b) is due to the two dimensional projection of
the three dimensionally segregated density profiles along
radial direction. The narrowing of the linear density of
backbone chain along the cell length, ρ(z), with increas-
ing cell size from 4.5D to 6D clearly shows an associated
compression of the chromosome.
For smallest cell lengths, entropic repulsion by the
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FIG. 5: (Color online) (a) Chromosome size R‖ (in units of
D) as a function of number of depletants Nd in a cell of length
L/D = 9. Data points show simulation results. The dotted
line is a fit to Eq.3, with fitting constants a = 21.91D−2,
b = 1.18× 104D. Arrows in (a) indicate the points at which
local density plots for polymer and crowder configurations are
shown in (b) Nd = 50, (c) Nd = 100, and (d) Nd = 250.
chain in longitudinal direction is too strong expelling
crowders from the planar caps of the cylinder. In this
limit chromosome and crowders are essentially radially
segregated near the two caps of the cylinder. Thus
the longitudinal extension of the chromosome follows
R‖ = R0‖, where R
0
‖ denotes the extension in absence
of crowders, as shown in Fig. 2(a). As the cell length
grows, from L = 4.5D to 6D, the additional space along
the cell length allows for relaxation of longitudinal stress
due to chromosome and, as a result, a polar relocation
of crowders takes place (Fig.s 4(b),(c)), compressing the
chromosome. This leads to the non-monotonic variation
of the nucleoid length, changing from the linear form
of R‖ = R0‖ ∼ L to the approximate non-linear depen-
dence R‖ ≈ [
√
b2 + 4bL2ρ−b]/2ρL. The higher compres-
sional stress at higher crowder density ρD3 = 1060 shifts
the point of non-monotonicity to a smaller cell size (see
Fig.2).
2. With increasing density
Similar spatial reconfiguration is observed by varying
the crowder density keeping the cell length fixed. In
Fig. 5 we show the results for changing the number of
crowders Nd in a cell of a given length, L = 9D. One
finds a sharp drop in longitudinal chrosmosome size R‖
from a cell- spanning structure to one covering approx-
imately half the cell length as Nd increases from 0 to
1500 (Fig. 5(a)). At very small densities, R‖ remains al-
most unchanged with increasing Nd. Beyond this regime
the chromosome extension reduces discontinuously with
5
Nd to finally shrink in a nonlinear fashion that is de-
scribed by Eq.(3). The dotted line in Fig. 5(a) shows a
fit to this equation.
Fig. 5 (b)- (d) shows local density plots of crowders
and the the chromosome using 103 equilibrium configu-
rations. At small crowder density, chromosome extends
to almost the full length, to push the crowders away radi-
ally to make space at the two caps of the cylinder (Fig. 5
(b)). This is similar to the effect described in Sec. III B 1.
The apparent overlap of crowder density and chromo-
some configuration observed in this figure is due to the
two dimensional projection of the original three dimen-
sional organization, in which the monomer and crowder
densities segregate predominantly along the radial direc-
tion. As the density of crowders increases, they occupy
the cylinder caps compressing the chromosome longitu-
dinally (Fig. 5 (c),(d)), making the helical turns more
compact.
3. Mean field description
Clearly Eq.(3) can not capture the variation of R‖ for
all the cell lengths. Particularly, below Nd = 100 in
Fig.5(a), the chromosome extension increases sharply to
saturate to the the complete extension R0‖. Such a sharp
change is indicative of a phase transition. As Fig.5(b),(c)
shows, across the transition, crowders near the two caps
undergo a spatial reconfiguration from a longitudinal to
radial organization. In deriving Eq.(3), we did not incor-
porate this possibility, and assumed that crowders are
always longitudinally segregated from chromosome. The
possibility of the radial reordering of crowders may be
incorporated in the theory by assuming that the chain
covers only a fraction Dα = αD of the radial space of the
cylinder, whereas D − Dα is occupied by the crowders.
Thus the confinement induced blob-size would change to
g ∼ D5/3α . The corresponding free energy of the confined
chain is
βFc = A
R2‖
ND
1/3
α
+B
N2
D
7/3
α R‖
.
As before, the effect of depletion can be incorporated
by accounting for the unavailability of space occupied by
the chromosome to crowders. For simplicity, considering
the confining geometry as a rectangular parallelepiped,
one can express the free energy due to crowders as the
following,
βFd = Nd
[
ln
Ndσ
3
(D −Dα)2L+D2α(L−R‖)
− 1
]
.
Note that, in the limit of Dα → D, the above expression
reduces to the free energy contribution due to crowders
in Eq.(2). Minimization of the total free energy (FC+Fd)
with respect to R‖ and α simultaneously, would then for-
mally describe the impact of radial to longitudinal recon-
figuration on the equilibrium extension of the polymer.
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FIG. 6: (Color online) Helicity of chromosome: (a) Local
tangent u(s) correlation function in chromosome backbone
from s = 0 to `m/2 at crowder density ρD
3 = 212 for
cell lengths L = 9, 12, 21, 27 denoted by dashed line (blue),
dash- dotted line (magenta), big-dashed line (green), small
dash-dotted line (indigo) respectively. Each graph corre-
sponding to a larger L-value is shifted upwards with re-
spect to that having a smaller L by an additive factor 0.2
for better visibility. (b) Corresponding structure factors at
L = 9 (2), 12 (©), 21 (4), 27 () capture the periodicity in
correlation, with the peak position q = qp (> 1) denoting the
number of turns in the emergent helix. (c) The number of
helical turns nt = 2qp is plotted as a function of L. Symbols
4, 2,© denote data at crowder densities ρD3 = 0, 212, 1060
respectively. All length scales are expressed in units of D.
However, this simple mean field description suffers
from the assumption of a uniform radial compression
of chromosome to size Dα, while the simulation results
clearly showed that the radial compression of chromo-
some and the radial reconfiguration of crowders and chro-
mosome takes place only near the two caps of the cylin-
der. Thus, any attempt to compare this theory with sim-
ulation results is bound to overestimate the effect of ra-
dial segregation. However, in polymer models with much
thinner backbone and smaller crowder size, the overall
radial segregation between confined crowders and chains
can not be preempted. It remains to be seen how this
mean field description captures spatial reordering under
such conditions.
C. Morphology
Even in absence of crowders, a competition between
the effective bending rigidity due to side-loops, and their
relative packing within the confinement leads to the spon-
6
taneous formation of helical morphology, with a number
of helical turns organized along the axial direction of the
cylinder (see Fig. 1, and also Fig. 10 in Appendix-C). We
can characterize the helicity of the chain through spatial
oscillations of the tangent-tangent correlation function
〈u(s) ·u(0)〉 (Fig. 6(a)), and the corresponding structure
factor S(q) (Fig. 6(b)). The correlation function is shown
up to s = `m/2, the longest separation along the chain
of total length `m = nmσ. The position of the dominant
peak in structure factor at q = qp provides the number of
helical turns. The total number of this for the full chain
is nt = 2qp. The magnitude S(qp) quantifies the degree
of helicity. The helical pitch length `p is related to nt
and is given by `p = `m/nt. Similar analysis at a higher
crowder density ρD3 = 1060 is presented in Appendix-C.
Fig. 6(c) shows the total number of helical turns along the
full backbone with increasing cell length, corresponding
to three different cytosolic densities ρD3 = 0, 212, 1060.
1. In absence of crowders
A simple geometric analysis of a helical curve of length
` absorbed on the surface of a cylinder gives an estimate
nt ≈ (`2 − R2‖)1/2/piR⊥, in terms of the longitudinal ex-
tension R‖ and radial size R⊥. Assuming R⊥ ≈ D in
absence of molecular crowders, and given that R‖ grows
monotonically to saturate with increasing L, the number
of helical turns is expected to decrease as (`2 − p2L2)1/2
before saturation, using R‖ = pL < ` denoting a fraction
of L. This estimate assumes that the backbone filament
is absorbed on the cylindrical surface, which is largely
true because of a strong bending stiffness due to side
loops.
2. In presence of crowders
The dependence of the number of helical turns on the
cell length, however, shows a very different behavior in
presence of crowders. The compression due to crow-
ders maintains the helical morphology even in the longest
cells. As the chromosome relaxes the longitudinal stress
by opening up in longer cells, the number of helical turns
nt decreases a little to saturate eventually (see Fig.6(c) ).
The saturation value is determined by the crowder den-
sity, lower the density the chromosome opens up more
easily with lesser number of turns.
IV. POSITIONING AND DYNAMICS
In this section, we discuss a central positioning of the
chromosome and the associated sub-diffusive motion.
1. Positioning
Simulations show a rather precise positioning of the
center of mass of the model chromosome to the center of
the cell volume, a result that is in good agreement with
experiments on live E. coli cells [29]. In small cells, due to
large inter-monomer repulsion the chromosome remains
pressed against cell walls. The resultant stress balance
causes a central positioning of the chromosome center of
mass. As the cell grows, chromosomal compression due
to confinement relaxes, however, osmotic pressure due to
crowders starts to play an important role. In a live cell,
proteins constituting cytosol are produced around the
chromosome, via transcription and translation, without
any directional bias. In our model, as the cell length in-
creased we inserted a spatially symmetric cloud of crow-
ders with a probability proportional to Boltzmann weight
around the chromosome, to maintain the crowder density.
The crowder-mediated stress balance between the model
chromosome and cell walls maintains the central location
of chromosome in the long cells (e.g., see Fig.1(b)). Fi-
nally, large kinematic barrier in narrow confinement also
suppresses fluctuations, leading to an extremely slow dy-
namics that also contributes towards the observed posi-
tioning, to which we return in Sec.IV 2.
Note that the chromosome positioning within a given
cell length relies on the memory of central localization in
the smaller cell, and the symmetric introduction of crow-
ders around the chromosome. The difference in crowder
density between the cell center and cell walls controls the
central localization. This kinematic mechanism is main-
tained by regular insertion of new crowders followed by
cell growth, and is distinct from a simple depletion effect
in thermal equilibrium. Pure equilibrium depletion, in
contrast, would push the polymer against one corner of
the cell, opening up larger space for crowders to increase
the overall configurational entropy.
2. Dynamics
To analyze the dynamics of the chromosome we study
the mean squared displacement (MSD) 〈δr2‖〉 of individ-
ual loci and the center of mass. The simulation results for
these two quantities at ρD3 = 212 are shown in Fig.s 7(a)
and (b) respectively. As expected, 〈δr2‖〉 saturates at long
time due to confinement. However, even for longest cells
of L = 30D, the amplitude of fluctuations remain small,
〈δr2‖〉1/2 < 2D (data not shown). This happens even
though the chromosomal extension saturates to ≈ 6.5D,
in principle, leaving a “free cytosolic length” of 23.5D
available for exploration, showing clearly that fluctua-
tions are suppressed by the crowders.
The short time scale dynamics before saturation can
be described by an approximate anomalous diffusion
〈δr2‖〉 ∼ tν where ν grows from ν ≈ 0.45 at L = 3D
to saturate to ν ≈ 0.93 by L = 10.5D (Fig. 7(c)).
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FIG. 7: (Color online) Mean squared displacement 〈δr2‖〉 as
a function of time t at ρD3 = 212 for the center of mass of
the chain and individual monomers show anomalous diffusion
∼ tν before confinement controlled saturation. (a) 〈δr2‖〉 at
cell lengths L = 3 (2), 6 (©), 15 (4). The lines denote power
laws tνm with νm = 0.45 (2), 0.75 (©), 0.93(4). (b) 〈δr2‖〉 for
four different monomers in a cell of length L = 3. The line
denotes power law t0.5, characteristic of single file diffusion.
(c) The exponent corresponding to the center of mass νcm
grows and saturates with cell length L. (d) Probability dis-
tribution P (ν) of exponent ν characterizing MSD of individ-
ual loci calculated at cell lengths L = 3 (©), 15 (4) showing
broad distributions with peak positions shifting slightly from
ν = 0.35(©) to 0.38 (4). All lengths are expressed in unit of
D, and time in unit of τ .
Experiments on non-replicating E. coli showed similar
variation in exponents for center of mass diffusion [29].
In absence of crowders, the chromosome center of mass
performs simple diffusion before approaching saturation
(See Appendix-D). The effective anomalous diffusion is
thus controlled by the crowders. Fluctuations of individ-
ual loci, on the other hand, shows a peaked distribution
of ν. The shape of the distribution remains relatively
broad in strong confinement (L = 3D), and gets into a
narrower and sharply peaked one as the confinement de-
creases (L = 15D). Fig. 7(d) shows the peak position
remains largely unaltered, and shifts from ν = 0.35 to
0.38 as cell length increases from 3D to 15D. Previous
experiments on E. coli and Caulobacter showed similar
dynamic behavior for chromosomal loci with a distribu-
tion of ν having a maximum near ν ≈ 0.4 [16]. Earlier
theoretical work described such sub-diffusion in terms of
viscoelasticity of medium [16, 19]. Our simulations sug-
gest that confinement and osmotic pressure due to deple-
tants are enough to produce such an effective anomalous
diffusion.
In a live cell one expects non-equilibrium activity to
impact dynamics non-trivially. Although bacteria do not
have cytoskeletal motor proteins, treadmilling of cytoso-
lic elements, e.g., TubZ [44], may provide active energy
input. In fact, infrequent super-diffusive bursts of fluc-
tuations in DNA loci have been observed in vivo [18].
Nevertheless, the exponent ν characterizing predominant
fluctuations in live bacteria matches well with our equi-
librium simulations, suggesting that such activity can on
average be interpreted in terms of an enhanced effective
temperature.
V. DISCUSSION
Using a simple polymer model, we have shown how cel-
lular confinement and the presence of cytosolic crowders
alone can potentially lead to the formation of a compact
nucleoid structure of a bacterial chromosome, which oc-
cupies a distinct sub-volume of the cell, without requiring
a membrane-bound compartment. We have also shown
how the confinement and cytosolic crowders together de-
termine the emergent size, morphology, positioning and
dynamics of the chromosome.
Our results can be translated in terms of real length
and time scales by using physiological chromosome length
and cytosolic viscosity of specific cell types. For ex-
ample, interpreting the simulated chain as the 4.6 Mbp
long circular DNA of E. coli, requires the bond length
b ≈ 115 bp = 39 nm, the bead size σ = 35.81 nm. Thus
the 62 bead side loops turn out to be 7.12 kbp long,
which is close to the maximum in loop size distribu-
tion presented in Ref. [12]. The diameter D = 26.67σ
is equivalent to 0.95µm, a number close to typical E.
coli cell diameter of 0.8µm. We assumed the length to
change from 3D to 30D that stands for a range of 2.85
to 28.5µm, to examine the impact of longitudinal con-
finement. While the wild type cell length varies between
2 to 4µm, suppression of chromosome replication and
cell division by suitable genetic modification and/ or an-
tibiotics allows one to probe such larger length scales
to uncover effect of longitudinal confinement on chromo-
some [29]. Indeed, our prediction that such experiments
on confined growing E. coli bacteria with fixed diameter,
will show a slow increase of chromosomal size saturating
near a cell length of L = 15µm, agrees well with exper-
iments on live cells [29]. The precise value of saturated
length does depend on the cytosolic molecular crowding,
which we assume to be maintained by ongoing protein
production at a rate proportional to the increase in cell
length.
The non-additive crowders used in our simulations are
a proxy for all molecular species that are big enough to be
sterically hindered by the chromosome to contribute to
entropic depletion forces. This includes protein molecules
with radius of gyration of a few nm, to large protein
complexes like ribosomes of size ∼ 20- 30 nm. For DNA,
the depletion effect was observed in vitro using synthetic
crowders of a few nm radius of gyration [45, 46], and
recent experiments on live cells showed expulsion of ri-
bosomes outside of E. coli nucleoid [27].
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The viscosity of eukaryotic cells is known to be 102 −
103ηw where ηw = 0.001 Pa-s, the viscosity of water [47,
48]. In absence of cytoplasmic molecular motors, the
dense suspension of bacterial cytosol is expected to have
even higher viscosity. Using viscosity determined for E.
coli cytosol η = 17.5 Pa-s [49], one gets the unit of time
τ = 1.78 s. This leads to an estimate of center of mass
diffusivity of chromosome ≈ 2.92 × 10−7 µm2/s, in the
longest cells of L = 28.5µm where the exponent denoting
anomalous diffusion ν approaches unity. Such a small
diffusivity contributes to the stable central localization
of the chromosome.
The non-linear growth of chromosome size with cell
size is reliably described by an analytical form obtained
from mean field theory. We observed a non-monotonic
variation of chromosome extension at small cell lengths,
which we have shown to be due to a radial to longitudinal
reordering of crowders with respect to the chromosome
near the cell poles. The cylindrical confinement induces
a helicoid morphology of the chromosome, which is fur-
ther stabilized by the osmotic pressure due to molecular
crowders. The number of helical turns depends on the
crowder density.
In summary, our predictions for chromosome size and
morphology appear to compare well with experiments on
rod-shaped bacteria [2, 15, 29], indicating that we cap-
ture a possible physical mechanism behind such robust
organization. The dynamics of individual loci and center
of mass of the polymer also shows good agreement with
that measured for chromosomes in live bacteria[16, 29].
We should, however, stress once more that the cal-
culations presented here are equilibrium in nature, with
slow dynamics due to strong kinematic barriers arising
from confinement and crowders. However, live cells, by
definition, are in an out-of-equilibrium state. Thus, the
good agreement that we find between our estimate of sub-
diffusion exponents with those observed in experiments
suggests that such activity in bacteria can possibly be
interpreted in terms of an effective equilibrium tempera-
ture.
Finally, our predictions about structure, e.g., chromo-
some size, shape in terms of number of helical turns,
and dynamics can in principle be verified from super-
resolution microscopy of live cells, like in Ref. [2]. They
may also be applicable to soft matter experiments on
synthetic structured polymers in nano-confinement [46].
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FIG. 8: (Color online) (a) Longitudinal size of chromosome
Dgz increases and saturates as a function of cell length L.
All lengths are expressed in terms of cell diameter D. The
symbols 2, ©, 4, 5 and  show results for chains with side-
loop sizes `s/D = 1.5, 2.25, 3, 3.75, 4.5, respectively. (b) The
saturation size Dsgz (2) and cell lengths Lsat (©) at which
saturation occurs decrease with `s. Both the data sets show
scaling form 1/`s, shown by brown dash-dotted line (D
s
gz) and
blue solid line (Lsat). (c) Data collapse of chromosome size
versus cell length. An exponential saturation, 1−exp(−x/xs)
is shown by the line, where x = L/Lsat and xs = 0.49.
Appendix A: Chromosome size in absence of
crowders
In this section we discuss the dependence of chromo-
some size and shape on the degree of confinement, in
absence of crowders. Apart from end-to-end extension,
chromosome size may be determined in terms of its ra-
dius of gyration. The cylindrical confinement breaks the
isotropy of the system. The chromosome size along the
length of the cell Dgz = 2×Rgz, where Rgz denotes the
component of the radius of gyration tensor along the z-
axis, the long axis of the cylinder. Like R‖, Dgz increases
linearly with the cell length to finally saturate (Fig. 8(a)).
The saturation length Dsgz and the cell-length at which
the saturation occurs Lsat, depends on the length of side-
loops `s (see Fig. 8(a) ), incorporated via the effective
Gaussian core interaction between loops as discussed in
the main text.
Both Dsgz and Lsat show approximate 1/`s scaling
(Fig. 8(b)), and their behavior can be understood us-
ing the following argument. Given that the chain length
` = (ns + 1)nmσ is constant, the backbone length
nmσ ∼ `/ns. The radius of gyration of side-loops fol-
lows the Flory scaling n
3/5
s σ. Repulsion between side-
loops renders an effective bending rigidity to the back-
bone. This gives a length scale over which the polymer
bending remains suppressed. Interpreting this as a per-
sistence length λ ∼ n3/5s σ of the backbone, we can esti-
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FIG. 9: (Color online) Longitudinal size of the chromosome
at constant number of depletants Nd = 2500, 5000, 10000.
Lengths are expressed in units of D. Before saturation, R‖ ∼
L1/2 as shown by the red solid line.
mate the effective size of the polymer. The configuration
of such a semiflexible chain strongly confined in narrow
cylinder may be viewed as consisting of rays of length λ
getting reflected between two walls separated by a dis-
tance D [50]. Between two reflections, this covers a lon-
gitudinal distance
√
λ2 −D2. One gets nmσ/λ number
of such reflections. Thus the total length of such a chain
in an infinitely long cylinder would be
Dsgz =
√
λ2 −D2 nmσ
λ
=
√
1−
(
D
n
3/5
s σ
)2
`
ns
∼ 1
`s
, (A1)
the length to which the polymer size saturates (Fig.8(b)).
In Fig.8(c) we show the data collapse obtained by plot-
ting Dgz/D
s
gz(`s) against L/Lsat. This suggests a scaling
function
Dgz = D
s
gzf(L/Lsat) ≈
`
ns
f
(
nsL
σ
)
, (A2)
shown in the figure.
Appendix B: Constant number of crowders
In wild type cells, the cytosolic density remains largely
unchanged to maintain metablic activity as the cell
grows. However, if a cells behavior is controlled by muta-
tion or otherwise to stop replication and cell division [29],
in long enough cells, presumably, a single chromosomal
copy may not be able to maintain unaltered cytosolic
density. In such cases, the cell may get into a regime of
constant number of crowders, leading to a reduction in
density with cell growth. Here, we show how chromosome
FIG. 10: (Color online) Chromosome structure with increas-
ing cell length, at a fixed crowder density ρD3 = 1060. The
plots from top to bottom depict local density of chromosome
and crowders for increasing cell lengths L/D = 10.5, 15, 30.
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FIG. 11: (Color online) (a) Local tangent correlation function
〈u(s) · u(0)〉 along the chromosome backbone from s = 0 to
`m/2 at crowder density ρD
3 = 1060. The plots are for cell
lengths L/D = 10.5, 15, 30 denoted by blue dashed line, ma-
genta dash- dotted line, green big-dashed line, respectively.
Each graph corresponding to a larger L-value is shifted up-
wards by an additive factor 0.2 for better visibility. (b) Corre-
sponding structure factors at L/D = 10.5 (2), 15 (©), 30 (4)
capture the periodicity in correlation, with the largest peak
position at q = 3 denoting the number of turns nt = 6 in all
the three cases shown here.
size would change if the number of cytosolic crowders re-
mains constant in a growing cell.
Fig. 9 shows the variation of chromosome extension
with cell length, for fixed number of crowders Nd. With
increasing L the crowder density drops, finally to van-
ish in the limit L → ∞. In large L limit, thus, the
chromosome size saturates to complete expansion R‖ =
(b/a)1/3 ∼ ND−2/3 consistent with confining diameter
D. As predicted by Eq. 4, it increases as R‖ ∼ L1/2 be-
fore that limit is reached (see discussion in Sec.III A 3).
Appendix C: Chromosome shaped by crowders
Here we show dependence of chromosomal morphology
on cell length, for a high density of crowders ρD3 = 1060.
As we discussed in the main text, the cytosol, modeled as
non-additive crowders, phase segregate towards cell walls
and generate a osmotic pressure stabilizing the helical
morphology of chromosomes inside cylindrical confine-
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FIG. 12: (Color online) Longitudinal mean squared displace-
ment 〈δr2‖〉/D2 of center of mass as a function of time t/τ at
cell lengths L/D = 4.5, 7, 12. The straight line is a plot of
〈δr2‖〉 = 2Dt with D = 1.7× 10−6D2/τ .
ment, even for the longest cells (Fig.10). This is in stark
contrast to chromosome in absence of crowders where in
longest cells helical turns do open up.
The chromosomal shape is quantified in terms of the
local tangent- tangent correlation function 〈u(s) · u(0)〉,
and the corresponding structure factor. We show here re-
sults for these two quantities at ρD3 = 1060. Fig. 11(a)
shows clearly how the increasing number of turns with
cell length is captured by increasing oscillations in the
correlation function. The corresponding peak of struc-
ture factor at q = qp in Fig. 11(b) gives the number of
helical turns nt = 2qp.
Appendix D: Dynamics in absence of crowders
The dynamics of chromosome in absence of crowders
shows a simple diffusive scaling, before mean squared dis-
placement saturates. This behavior is shown in Fig.12.
Longer cells show diffusive scaling 〈δr2‖〉 ∼ t over longer
time scales.
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